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LA  Task  No.  3A99- 15-006-01 
Abstract 

Pulsed  nuclear  radiation  induced  changes  in  the  electrical  charac¬ 
teristics  of  electronic  parts  and  materials  obtained  in  tvo  experiments 
at  the  Godiva  II  Reactor  (Los  Alamos)  are  described  and  discussed.  The 
electronic  parts  investigated  and  monitored  during  exposure  include 
coaxial  cables,  resistors,  capacitors,  rectifiers,  and  magnetic  cores  of 
various  types,  values,  and  materials.  Most  of  the  parts  during  exposure 
show  transient  parameter  changes  which  exceed  the  tolerance  values  and 
then  generally  recover  to  their  nominal  values  same  tine  after  completion 
of  the  radiation  pulse.  Seme  of  the  data  show  inconsistencies  which  pace- 
vent  the  authors  from  drawing  definite  and  quantitative  conclusions  at  the 
present  time.  In  some  cases,  e.g. ,  low  and  high  value  resistors,  NiCr  thin- 
film  resistors  of  various  values,  and  ceramic  capacitors,  the  data  show 
certain  repetitive  patterns  in  the  behavior  of  these  parts  which  Beem  to 
permit  a  limited  qualitative  prediction  of  the  responses  of  these  com¬ 
ponents  under  similar  environmental  conditions.  Experiments  at  Godiva- 
type  (pulsed)  facilities  are  being  continued. 
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PULSED  NUCLEAR  RADIATION  INDUCED  TRANSIENTS 
IN  ELECTRONIC  PARTS  AND  MATERIALS 
(Codiva  IV  &  V) 


INTRODUCTION 

This  report  is  one  of  n  continuing  series  describing  the  results  of  experiments  conducted 
by  USAELRDL  on  the  effects  of  high-dose  and  dose-rate  pulsed  nuclear  radiation  on  electronic 
ports  and  materials.  The  experimental  program  has  the  objective  of  acquiring  data  on  the 
effects  of  this  type  of  rndiation  on  electronic  parts  and  materials  to  establish  the  mechanism  of 
the  changes,  or  damage,  and  to  provide  data  for  improving  their  radiation  tolerance  by  devol- 
opine  either  inherent  radiation  stability  or  applying  compensation  techniques. 

The  experiments  which  are  the  subject  of  this  report  were  conducted  at  the  Godiva  II 
Facility.  Los  Alamos,  New  Mexico,  during  August  1959  and  June  1960.  The  report  is  a  com¬ 
pline  presentation  of  nil  the  datu  obtained  during  these  two  experiments,  referred  to  as  Godiva 
IV  A  V.  No  detailed  interpretation  has  been  attempted  because  of  certain  inconsistencies 
which  are  apparent  in  the  results. 


EXPERIMENTAL  PROCEDURE 
\  r u  lcar  Radiation  Facility 

The  radiation  facility  used  in  these  experiments  wus  the  Godiva  11  Renctor  located  at  the 
Los  Alamos  Scientific  Laboratory.  Los  Alamos.  New  Mexico. 

This  reactor  is  a  bare  critical  uranium  assembly  enriched  to  approximately  DO".',  in  U-235: 
it  is  cupable  of  delivering  high-intensity  pulses  of  neutron  and  gummn  rndiation.  The  average 
flux  rate  of  leakage  neutrons  used  for  irrudintion  reaches  101”  n  cm«-sec  nenr  the  core  surfuce 
with  integrated  fluxes  of  10!>‘l  n  cm2.  The  generated  gamma  fluxes  yield  doses  nnd  dose  rates 
of  the  order  of  1()3  rads  tind  j0"  rads  sec,  respectively.  The  radiation  pulse  width  at  half- 
h«  o.'ht  is  approximately  SO  sec. 1.2 

Pencription  of  Experimental  Setup 

1.  Instrumentation 

The  parts  and  materials  selected  for  these  experiments  were  instrumented  and  exposed 
to  nuclear  radiation  pulses  from  the  Godiva  reactor  and  their  performance  characteristics  were 
monitored  during  exposure.  The  individual  parts  were  soldered  on  BNT  conxial  connectors,  or 
directly  to  coaxial  cables,  nnd  potted  with  paraffin  to  prevent  air  ionization.  The  parts  were 
then  placed  at  determined  distances  from  the  reactor  core  from  which  cables  led  to  the  param¬ 
eter  measuring  circuits.  These  circuits  were  located  at  a  distance  from  the  reactor  where  the 
radiution  level  was  known  to  be  low  enough  to  preclude  any  transient  effects  in  the  measuring 
and  recording  instrumentation.  All  cable  connections  in  the  vicinity  of  the  reactor  wore  packed 
with  silicone  grease  as  a  precaution  to  prevent  air  ionization  in  the  cable  junctions.  The 
measuring  circuits,  schematically  shown  on  each  graph,  were  designed  to  provide  output  voltage 
puisos  which  could  be  related  by  lit  suitable  calibration  to  a  change  in  the  electrical  parameter 
(R.  I,  L,  C,  etc.)  of  the  purl  under  exposure. 
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The  transient  voltage  outputs  of  the  measuring  circuits  were  amplified  when  necessary 
for  display  on  cathode-ray  oscilloscopes,  which  were  operated  in  the  single  sweep  mode,  and 
prior  to  the  initiation  of  the  radiation  pulse  triggered  with  signals  provided  by  the  reactor 
facility.  The  oscilloscope  traces  were  recorded  by  photographic  means  (Polaroid  camera). 

Figure  1  shows  schematically  the  instrumentation  setup  for  the  experiments  conducted 
at  the  Godiva  reactor;  the  setup  incorporates  the  measuring  or  detecting  circuitry,  amplifiers, 
oscilloscopes,  and  cameras  described  above. 

The  parts  tested  were  mounted  on  an  exposure  stand  and  connected  through  30  ft  of 
coaxial  cable  to  the  measuring  instrumentation.  The  amplifier  circuitry  consisted  of  two 
separate  sections  to  provide  amplification  and  matching  for  the  quarter-mile  length  of  coaxial 
cable  between  the  Kiva,  in  which  the  reactor  was  located,  and  the  reactor  control  room,  in  which 
the  recording  instrumentation  was  assembled. 

2.  Calibration 

The  dc  measuring  or  detecting  circuits  used  in  the  experiments  are  schematically 
shown  in  Fig.  2  a  through  c  with  the  formulas  from  which  the  plotted  values  were  computed. 

The  ac  circuits  used  for  measuring  capacitance  and  inductance  were  calibrated  prior 
to  the  experiments  and  are  shown  in  Fig.  2  d  and  e  .  The  calibration  procedure  for  the 
capacitance  circuit  consisted  of  making  measurements  with  the  test  circuit  using  a  variable 
capacitor  in  place  of  the  test  sample  C  and  noting  the  change  in  the  LC  circuit  voltage  as  a 
function  of  change  in  capacitance  (a  typical  calibration  curve  with  Ec  normalized  is  shown  in 
Fig.  3  a  .  Thus,  any  change  in  the  voltage  swing  of  the  LC  circuit  due  to  the  irradiation  of 
the  capacitor  C  can  be  translated  by  means  of  the  calibration  curve  into  an  equivalent  capaci¬ 
tance  change.  The  magnitude  and  duration  of  the  transient  effect  are  measured  from  the 
modulation  envelope. 

The  test  circuit  for  measuring  changes  in  inductance  is  similar  to  that  for  the  capaci¬ 
tance  measurement  described  above.  The  change  of  inductance  is  measured  as  an  amplitude 
modulation  of  the  voltage  El  from  which  the  magnitude  and  the  duration  of  the  transient  changes 
are  determined. 

Calibration  of  the  test  circuit  is  accomplished  using  a  variable  air  capacitor  apd  noting 
the  change  in  the  LC  circuit  voltage  as  a  function  of  capacitance  C.  The  equivalent  inductance 
is  calculated  as 


L 


•  C 


C  ' 


w  here 

L  r  inductance  for  a  particular  value  of  El 

Lo  -  inductance  of  the  core  under  test 

C  '  =  capacitance  of  the  connecting  cable  and  circuitry. 


(Figure  3  b  shows  a  typical  calibration  curve  with  normalized  El).  Thus,  any  change  in  the 
amplitude  of  El  due  to  irradiation  of  the  inductor  may  be  translated  by  means  of  the  calibration 
curve  into  an  equivalent  inductance  change. 


2 


To  avoid  ambiguity  in  measuring  capacitance  or  inductance,  the  LC  product  is  chosen 
either  less  than  or  greater  than  but  not  equal  to  l,'(2Trf)2.  Thus,  for  LC  <  1/(2 rr f) 2,  an 
Increase  in  C  or  L  appears  first  as  an  increase  in  the  LC  voltage;  for  LC  >  1/(2 77 f)2,  an 
increase  in  C  or  L  c  auses  a  decrease  in  this  voltage  amplitude. 

3.  Dosimetry 

Sulfur  pellets  were  placed  adjacent  to  the  parts  during  exposure  to  determine  the  total 
fast  neutron  (E  >  2.5  Mev)  doses  of  each  nuclear  pulse  (see  Table  I  parts  List).  For  dose- 
rate  measurements,  the  output  of  a  SEMIRAD  (Secondary  Electron-Mixed-Radiation  Detector)  was 
recorded  for  each  burst. 

In  this  report,  dose  and  dose  rate  were  used  equivalently  because  of  the  assumed  equal 
duration  and  height  of  the  single  radiation  pulses. 


P  \KTS  TESTED 

A  large  variety  of  passive  electronic  parts  were  exposed  in  the  two  Godiva  experiments: 
Godi\  a  IV  during  August  1959.  and  Godiva  V  during  June  1960.  Included  were:  Cables  RG-62 
and  RG-63.  both  with  a  semisolid  dielectric  (polyethylene  and  air),  various  types  of  resistors 
ranging  from  100  ohms  to  1  megohm  with  different  power  ratings,  micromodule  thin-film  resistors, 
capacitors  of  ceramic  and  tantalum  types,  silicon  and  selenium  rectifiers,  and  magnetic  ferrite 
cores.  The  parts  were  tested  under  varied  conditions  of  applied  voltage,  circuitry,  total  dose 
or  dose  rate,  repeated  exposure,  etc.  A  detailed  listing  of  the  parts  is  presented  in  Table  I. 


RESULTS  AND  DISCUSSION 

Results  of  the  dc  leakage  current  and  capacitance  measurements  on  coaxial  cables  are 
shown  in  Fig.  4-9.  For  the  leakage  current  measurements  on  RG-62  cable,  the  samples  were 
mounted  with  their  paraffin  potted  or  unpotted  ends  directed  towards  the  reactor:  the  measurement 
on  the  RG-63  cable  was  made  on  a  sample  with  its  center  portion  coiled  in  a  one-turn.  6"- 
diametcr  loop  placed  at  the  reactor.  The  capacitance  measurement  was, made  on  a  loop  of  cable 
also;  this  sample  consisted  of  an  bO '  length  of  cable  with  its  center  coiled  in  a  two-turn.  6"- 
diameter  loop  placed  at  the  reactor. 

Cables,  Coaxial 

Figures  4  and  5  represent  the  transient  leakage  current  (recorded  Av  is  converted  to 
leakage  current  Jvi)  observed  in  a  potted  RG-62  cable  sample,  connected  to  the  measuring  circuit 
in  which  the  measuring  resistor  was  varied  from  shot  to  shot  as  indicated.  Cables  connected  to 
low-impedance  circuits  (Rl  =  10  or  100  ohms)  showed  leakage  currents  of  the  order  of  10  ma 
swinging  from  one  polarity  to  the  other.  The  same  sample  measured  with  higher  impedance 
circuits  (Rl  -  1  kohm  to  1  megohm  displayed  decreasing  swing  and  currents  of  the  order  of 
only  10  to  100  ^a. 

In  Figure  6.  the  voltage  dependence  of  peak  current  is  shown  for  unpotted  cables.  The 
load  resistor  was  kept  constant  at  10  kohm  and  the  applied  voltage  varied  in  steps  from  +6  v  to 
*90  v.  Unidirectional  deflections  were  observed  with  peak  currents  ranging  from  +30  to  +300m* 
except  in  one  case,  with  an  applied  voltage  of  +6  v,  the  peak  current  was  -200  ^a. 
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A  comparison  of  effects  in  potted  and  unpotted  cables  (Fig.  7)  for  which  the  applied 
voltage  and  the  load  resistor  were  kept  constant  at  +45  v  and  10  kohm,  respectively,  supports 
(he  assumption  that  when  irradiated  with  identical  doses,  unpotted  terminals  show  higher 
currents  because  of  lower  “shunt  resistance”  caused  by  air  ionization  (compare  curve  2  with 
curve  4,  Fig.  7).  (The  transient  leakage  currents-by  whatever  mechanism  they  are  caused— can 
be  accounted  for  by  the  insertion  of  transient  “shunt  resistance”  calculated  as  in  Fig.  2c). 

Dose  or  dose-rate  dependency  is  also  seen  qualitatively  (curves  1,  2,  5,  6,  Fig.  7).  Leakage 
currents  range  from  20  to  200  /ia  in  both  potted  and  unpotted  cables.  A  curve  for  leakage  cur¬ 
rent  (70  /u a)  in  RG-63  and  an  overall  capacitance  change  (  +  15%)  in  RG-62  are  shown  in  Fig.  8 
and  9.  In  the  capacitance  measurement,  the  pronounced  change  of  capacitance  followed  closely 
the  shape  of  the  burst,  and  recovery  was  complete  within  1000  fisec. 

As  a  very  general  conclusion,  it  may  be  said  that  transient  effects  in  cables  indicate 
dependence  upon  dose  rate  (or  dose),  applied  voltage  and  polarity,  impedance  of  measuring 
circuit,  potting,  and  perhaps  other  parameters.  One  of  such  parameters  which  may  play  a  signif- 
icant  role  in  the  shape,  magnitude,  and  duration  of  the  transient  effect  is  repeated  exposure. 
Because  of  the  multitude  of  the  parameters  whose  introduction  is  not  yet  understood  and  the  very 
limited  number  of  data  obtained  to  date,  no  quantitative  relationships  can  be  derived,  let  alone 
any  interpretation  of  the  physical  mechanisms  involved. 

Component  Parts 

The  conversion  of  the  oscilloscope  recorded  voltage  changes  Av  to  the  plotted  component 
characteristics  was  obtained  by  using  the  appropriate  formula  given  in  Fig.  2.  It  is  realized 
that  this  evaluation  procedure  ignores  completely  the  fact  that  the  observed  Av  is  a  result  of  the 
superposition  of  the  transient  leakage  current  (or  shunt  resistance  occurring  simultaneously  in 
the  cable  connecting  the  part  to  the  measuring  circuit)  and  the  transient  effect  in  the  component 
proper.  However,  this  procedure  has  been  followed  because  in  the  absence  of  any  quantitative 
and  reprodui  ' e  determination  of  the  cable  behavior,  the  transient  cable  effect  cannot  be 
subtracted,  i  nerefore,  at  present,  the  component,  plus  the  cable  connecting  it  to  the  measuring 
instrumentation,  must  be  considered  as  one  entity  until  the  effect  in  the  component  and  the  one 
in  the  connecting  medium  can  be  separated. 

The  following  evaluation  of  the  results  is  presented  in  the  light  of  the  foregoing  explana¬ 
tion. 


1.  Resistors 

a.  Standard  T ype 

Resistors  of  wire  wound,  carbon  film,  metal  film  carbon  composition,  and  tin  oxide 
film  types  were  tested.  Their  resistance  ranged  from  100  ohm  to  1  megohm.  The  data  for  these 
resistors  are  grouped  according  to  the  nominal  resistor  value  rather  than  the  composition.  It 
must  be  noted  that  the  100-ohm  resistors  were  measured  in  the  so-called  “forward  voltage  drop” 
( fvd)  circuit  (normally  used  for  the  measurement  of  the  fvd  in  rectifiers,  see  below)  with  only  3 
v  to  6  v  applied  in  order  to  keep  the  current  drain  low;  whereas,  all  other  resistors  were 
measured  with  bridge  circuits  with  22.5  v  to  45  v  applied.  In  all  cases,  RG-62  cable  was  used 
to  connect  the  part  to  the  measuring  circuitry. 

The  100-ohm  resistors  showed  transient  resistance  increases  of  the  order  of  20% 

(Fig.  10-12). 

In  1-kohm  and  10-kohm  resistors  (Fig.  13-20)  resistance  changes  ranging  from  —5% 
to  +5%  were  observed. 


100-,  237-,  and  848-kohm  resistors  (Fig.  21-24)  measured  in  equal-arm  bridges  had 
transient  relative  resistance  changes  unidirectional  and/or  bidirectional)  from  about  -30%  to 

+  10%. 


The  1-megohm  resistors  wired  in  parallel  to  represent  a  100-kohm  resistor  and 
measured  in  a  100-kohm  equal-arm  bridge  showed  a  transient  increase  in  R  of  5%  consistently 
in  three  successive  exposures  (Fig.  25).  Figure  26  presents  data  on  1-megohm  resistors  ob¬ 
tained  with  the  nonequal  arm  bridge  (to  reduce  output  impedance  to  amplifier)  as  indicated  on  the 
graph.  The  major  effect  is  a  20%  to  60%  decrease  with  subsequent  “overshoot”  (up  to  10%)  and 
apparently  slower  recovery  (  >  2  msec)  than  all  other  resistors  which  recovered  within  1-2  msec 
to  their  initial  value. 

b.  Micromodule  Resistors 

Figure  27  shows  the  results  obtained  on  NiCr  thin-film  resistors  that  were  prepared 
In  \acum  deposition  on  micromodule  alumina  wafers  at  USAELRDL.  The  bridges  were  approx¬ 
imately  equal-arm  and  exact  balance  was  achieved  shortly  before  the  irradiation  burst  by  adjust¬ 
ing  the  potentiometer,  as  indicated  in  the  drawing,  for  balance.  Under  irradiation,  these  resis¬ 
tors  showed  a  consistent  behavior  regardless  of  their  nominal  value,  namely,  for  all  of  them,  the 
resistance  increased  between  10%  and  20%  followed  by  a  complete  recovery  within  1  msec. 

c.  Sensistors 

The  only  type  tested,  a  100-ohm  sensistor.  showed  the  same  behavior  as  a  normal 
resistor  of  the  same  \alue  (Fig.  10). 

No  permanent  damage  could  be  noted  for  any  resistor. 

2.  Capacitors 

Leakage  current  measurements  were  made  on  low-value  (0.003  pif,  0.01  y<f)  ceramic  and 
high-\  alue  (33  p.t.  60  tantalum  capacitors:  the  latter  were  of  the  foil,  slug,  and  solid  types. 

The  ceramic  capacitors  showed  an  inverse  or  “negative”  leakage  current,  which  seems 
to  depend  on  the  value  of  the  irradiated  part  and  the  total  dose  or  dose  rate  (Fig.  28).  Figure  35 
shows  capacitance  change  as  measured  in  the  two  ceramic  capacitor  types. 

The  tantalum  capacitors  (Fig.  29-34)  displayed  a  somewhat  inconsistent  behavior. 

While  the  majority  of  the  capacitor  types  also  exhibited  a  negative  leakage  current,  some  of  them 
showed  only  true  leakage  (positive  plotted  current).  In  general,  the  magnitude  of  the  effects 
v  aried  from  type  to  type.  It  is  not  yet  possible  to  correlate  these  phenomena  either  with  the 
value  or  with  the  composition  of  the  capacitor.  One  of  the  reasons  for  the  erratic  behavior  may 
be  that  not  all  of  the  capacitors  were  formed  at  the  appropriate  working  voltage  prior  to  exposure, 
but  this  could  not  be  determined  positively.  Contrary  to  the  immediate  recovery  observed  in  all 
other  components  studied  so  far.  recovery  in  the  tantalum  capacitors  can  take  from  50  msec  to  a 
few  seconds,  with  the  lingering  part  of  the  transient  in  its  "plateaulike"  shape  resembling  very 
closely  the  trailing  edge  of  the  fission  pulse  itself  (Fig.  31). 5 

3.  Rectifiers,  Silicon  and  Selenium  (Fig.  36  and  37) 

The  transient  changes  in  forward  voltage  drop  (Rf^l  -  2  kohm)  and  reverse  current 
in  some  Silicon  and  Selenium  rectifiers  were  examined  under  pulsed  nuclear  radiation.  While 
the  forward  voltage  drop  in  the  unpotted  Silicon  diodes  showed  high  increases  (30%).  the 


5 


Silicon  and  Selenium  diodes,  if  potted,  showed  only  a  small  increase  with  a  subsequent  decrease. 
Recovery  was  complete  within  about  10  msec. 6 


The  reverse  current  (about  100  /xa)  observed  in  the  Silicon  diodes  was  much  higher  than 
in  the  Selenium  diodes  (25  /ia),  and  in  both  cases  lasted  no  longer  than  1-2  msec  (Pig.  38  and 


39). 


4.  Magnetic  Corea,  Ferrite 

The  inductance  of  a  number  of  wound  cores  of  MnZn  and  NiZn  ferrite  materials  was 
monitored  during  irradiation.  Using  the  circuits  shown  on  the  graph  (Fig.  40),  changes  in  the 
inductance  (-25%  to  +15%)  were  observed.  There  appears  to  be  no  obvious  connections  between 
composition  and  radiation  sensitivity;  however,  the  cores  with  the  lowest  initial  permeability 
were  found  to  undergo  the  smallest  change.  Unlike  the  transients  observed  for  other  passive 
parts,  the  time  required  for  recovery  of  the  inductance  transients  is  essentially  the  duration 
of  the  radiation  pulse  (prompt  critical  spike). 


CONCLUSIONS 

This  report  represents  a  complete  summary  of  the  data  obtained  on  components  exposed  in 
two  experiments  at  the  Los  Alamos  Scientific  Laboratory  Godiva  II  pulsed  reactor. 

The  most  pronounced  and,  at  present,  unpredicfable  effects  are  seen  in  cables  and,  when 
used  as  an  interconnecting  or  transmission  medium,  will  obviously  influence  the  observations 
of  component  effects.  An  extensive  program  of  cable  effect  studies  considering  the  many 
possible  contributing  parameters  has  been  devised.  Future  experiments  should  shed  more  light 
on  the  causes  of  the  transient  cable  behavior.  There  are  too  many  unknown  variables,  or  as  yet 
unmeasured  parameters,  and  certain  instrumentation  and  measuring  difficulties  to  permit  any 
quantitative  or  definite  conclusion  as  regards  the  nature  and  mechanism  of  the  true  component 
effect  at  the  present  time. 
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